Late Pleistocene terrestrial climate records in India may be preserved in oxygen and carbon stable isotopes in pedogenic calcrete. Petrography shows that calcrete nodules in Quaternary sediments of the Thar Desert in Rajasthan are pedogenic, with little evidence for postpedogenic alteration. The calcrete occurs in four laterally persistent and one nonpersistent eolian units, separated by colluvial gravel. Thermoluminescence and infrared-and green-light-stimulated luminescence of host quartz and feldspar grains gave age brackets for persistent eolian units I-IV of ca. 70,000 -60,000, ca. 60,000 -55,000, ca. 55,000 -43,000, and ca. 43,000 -ϳ25,000 yr, respectively. The youngest eolian unit (V) is <10,000 yr old and contains no calcrete. Stable oxygen isotope compositions of calcretes in most of eolian unit I, in the upper part of eolian unit IV, and in the nonpersistent eolian unit, range between ؊4.6 and ؊2.1‰ PDB. These values, up to 4.4‰ greater than values from eolian units II and III, are interpreted as representing nonmonsoonal 18 O-enriched "normal continental" waters during climatic phases when the monsoon weakened or failed. Conversely, 25,000 -60,000-yr-old calcretes (eolian units II and III) probably formed under monsoonal conditions. The two periods of weakened monsoon are consistent with other paleoclimatic data from India and may represent widespread aridity on the Indian subcontinent during isotope stages 2 and 4. The total variation in ␦ 13 C is 1.7‰ (0.0 -1.7‰), and ␦ 13 C covaries positively and linearly with ␦ 18 O. ␦ 13 C values are highest when ␦ 18 O values indicate the most arid climatic conditions. This is best explained by expansion of C 4 grasses at the expense of C 3 plants at low latitudes during glacial periods when atmospheric pCO 2 was lowered. C 4 dominance was overridingly influenced by global change in atmospheric pCO 2 despite the lowered summer rainfall. © 1998 University of Washington.
INTRODUCTION
It is well established that the Indian Ocean summer monsoon dominates seasonal wind and precipitation patterns and the character of land vegetation in southern Asia (Fein and Stephens, 1987) . Global climate models (GCMs) have shown that on million-year timescales the summer monsoon is sensitive to land elevation and radiation (orbital) changes (Prell and Kutzbach, 1992) . On Quaternary glacial-interglacial timescales, the strength of the monsoon is apparently affected by differences in sea-surface temperature, sea level, albedo of the land surface, and extent and elevation of large ice masses (Prell and Kutzbach, 1992) .
The record of paleo-monsoonal variation over the last 40,000 yr in the Indian subcontinent and surrounding Arabian Sea and northwestern Indian Ocean is reasonably well established from marine records (e.g., Duplessy 1982; Van Campo 1986) . Limited data are also available from a southern Indian terrestrial peat (Sukumar et al., 1993; Rajagopalan et al. 1997) . In the Thar Desert (Rajasthan), palynological and geochemical data suggest that monsoonal rainfall was weak during the last glaciation, but was re-established in the Holocene (Singh et al., 1974; Bryson and Swain 1981; Wasson et al., 1984) . However, little pre-20,000 yr B.P. terrestrial paleoclimatic information is available from the Indian subcontinent. In Rajasthan, for example, the distribution of eolian dune sands, associated fluvial deposits, and gypsum lakes suggests a semiarid climate during the last 200,000 yr ; however, the details of late Pleistocene climate change are unknown.
In this paper we attempt to construct a detailed terrestrial late Pleistocene climatic record in India by studying oxygen and carbon stable isotopes in pedogenic calcrete from the Thar Desert. The potential for using stable isotopes as climatic proxies in pedogenic calcrete has been recognized elsewhere, for example, in Nevada, USA (Amundson et al., 1988) , and the Negev Desert, Israel (Goodfriend and Magaritz, 1988) . Previous paleoclimatic studies of Quaternary calcrete from the Indian subcontinent have been limited to alluvial sequences in Pakistan (Pendall and Amundson, 1990) and Bangladesh (Alam et al., 1997) . However, these sequences have short stratigraphic ranges or poorly constrained chronology, respectively. The exciting aspect of our Thar site is the nearly continuous calcrete record in eolian intervals and the chronology from thermoluminescence, infrared-and green-lightstimulated luminescence dates. This combination gives us a good opportunity to examine the isotopic data for paleoclimatic variability and relate this to other marine and terrestrial records.
GEOLOGICAL AND CLIMATIC SETTING
The studied section at Shergarh Trijunction in Rajasthan (Fig. 1) is in an abandoned gravel quarry, approximately 70 km west of Jodhpur . The section dissects the lower slope of a rocky pediment associated with a prominent rhyolite hill. During the late Quaternary, the edge of this pediment was covered from time to time, and to varying degrees, by veneers of eolian sand (Fig. 1) , in which pedogenic calcrete carbonates formed. The colluvial units, therefore, represent sheetwash events, which punctuate the eolian sediment record.
The field area has a semiarid monsoonal climate with annual rainfall between 300 and 400 mm. Potential evapotranspiration is 1800 -2000 mm/yr and mean annual temperature is 26.7°C.
FIELD RELATIONS
The studied section is 4 m thick and contains five dm-scale colluvial units, separated by eolian units with abundant calcrete nodules (Fig. 1) . The calcrete nodules have formed in four eolian sand units (units I-IV of Dhir et al., 1992) , similar to the youngest, nodule-free uppermost eolian sand unit (Unit V of Dhir et al., 1992) . In addition, colluvial unit V of Dhir et al. (1992) contains a laterally nonpersistent eolian unit not previously recognized. Each eolian unit is divided, with sharp upper and lower contacts, by colluvial units. The colluvium consists of angular gravel, typically rhyolite clasts, 2-5 cm in size, in places coated and weakly cemented by calcium carbonate. The colluvial units contain some reworked calcrete nodules, indicating that nodule formation was complete before each stage of colluvial deposition.
The nodules are creamy white, 1-3 cm in size, and irregular in shape. They have grown within millimeters of one another but do not coalesce except at the base of eolian unit I, where coalesced nodules formed a weakly cemented sheet. In this sense the calcretes are mainly at development stage III of Machette (1985) , although at the base they are transitional between stage III and IV. The nodular calcrete probably formed at some depth (tens of centimeters) in the soil vadose zone.
CALCRETE PETROGRAPHY

Description
The groundmass of the calcareous nodules is a brown, nonferroan, nonluminescent calcite microspar with subhedral to anhedral fabric. In patches, and often around detrital grain margins, darker, nonferroan, nonluminescent micrite is present, with indistinct cavities or possible tubules. Micritic peloids occur but are not common.
Coarse silt to very fine sand-sized (typically 50 -100 m) quartz (non-or dully luminescent), feldspar (blue luminescent), and lithic (variably luminescent) detrital grains, typically subangular to subrounded, are common. Calcite (orange luminescent) silt particles are much less abundant and typically are smaller (Ͻ10 m). Detrital grains are dispersed in the microsparitic groundmass (Fig. 2a) . All detrital grains show micrometer-scale-microspar re-entrants or crenulations on the grain margins (Fig. 2b) , and most detrital grains have either a micritic coating (Fig. 2c) or a microsparitic corona (typically Ͻ10 m wide; Fig. 2d ). In some cases the micritic grain coat appears to have been partially replaced by microspar. Partial replacement of detrital grains by microspar can leave a ghost of the former grain (Fig. 2a) , and in patches, microspar appears to have totally replaced detrital grains. Some detrital grains have been totally or partially dissolved to leave a mold, while the largest detrital grains (1-2 mm) are typically cracked or exploded (Fig. 2e) .
Interpretation
Dispersed detrital grains in a microsparitic groundmass (floating grain fabric) is a common calcrete fabric (Tandon and Friend, 1989; Wright and Tucker, 1991) . The groundmass precipitated in situ, and the rounded margins of the siliciclastic detrital grains, micrometer-scale microspar re-entrants, microsparitic coronas, grain "ghosts", and molds are all fabrics diagnostic of grain dissolution. The calcite groundmass is thus replacive, and the presence of cracked and exploded grains also implies displacive growth (Buczynski and Chafetz, 1987; Tandon and Friend, 1989) . The darker micrite patches and micritic grain coatings are calcans or calcitans (Fitzpatrick, 1984) , thought to be constructed by soil microorganisms, probably fungi (Calvert and Julia, 1983; Wright, 1986) , while the indistinct cavities and possible tubules may be former root-hair channels or microbial tubes.
These calcretes have mainly alpha fabrics (Wright and Tucker, 1991) , i.e., they show few biogenic features, although the presence of cutans and a few root channels suggests a pedogenic origin. The dominantly microsparitic groundmass, partial replacement of micrite by microspar, and nonluminescence of all the groundmass components suggest that diagenetic alteration (postcalcrete nodule formation) has been minor.
LUMINESCENCE DATING
Methods
Luminescence dating of the eolian units was done on 125-to 150-m quartz and feldspar mineral separates. These were extracted following a sequential pretreatment of the samples with 1 N HCl and 30% H 2 O 2 , followed by sieving, Franz magnetic separation, and sodium polytungstate heavy liquid separation of the two mineral fractions (Ͻ2.58 and 2.58 to 2.7 gm/cm 3 for K-feldspars and quartz, respectively). An 80-min 40% HF etch was done on the quartz fraction to remove the alpha skin, but for K-feldspars the limited sample availability precluded this and a calculated correction for the alpha dose was used in the estimation of the equivalent dose.
For K-feldspar grains, the infrared-stimulated luminescence (IRSL) and thermoluminescence (TL) measurements were done sequentially on the same discs, with the premise that a limited duration shine down (12 sec) would not measurably deplete the TL signal (Duller and Botter-Jensen, 1993) . IRSL stimulation was done using TEMT 484 infrared diodes emitting at 880 nm. The detection system comprised a photoncounting system interfaced with a PC having a multiscaling card. The optical detection window comprised EMI 9635 QA coupled to Corning 7-59 ϩ 5-58 filters. The same set of filters were used for TL recordings.
For quartz, the green-light-stimulated luminescence (GLSL) and TL measurements were done with a xenon lamp filtered with Schott GG 475 ϩ BG 39 ϩ KMZ 50/2 filters that provided an excitation maximum at 520 nm (Lang et al., 1993) . The detection window used Schott U 340 ϩ Hoya MUG 2 filters.
Short shine normalization was used for the K-feldspar IRSL and TL data, whereas weight normalization was used for quartz samples. The K-feldspar IRSL and TL growth curves were fitted to saturating exponentials using the prescription discussed in Felix and Singhvi (1997) . The TL growth curves were fitted using standard daybreak equipment software. The early onset of saturation-like behavior in the quartz data and large disc to disc variability precluded application of additive dose methods; hence, the Australian slide method (Prescott et al., 1993) was used to estimate the paleodoses. In view of this, we used the K-feldspar data for final age computation. However, concordance between the ED estimates on quartz and feldspars was good.
The radioactivity assay was done using the thick source ZnS(Ag) alpha counting, and a radioactive equilibrium was used for computation of the elemental concentrations of U and Th and their dose rate. As the principal component of the dose is the beta dose, the samples were finely powdered before counting. Estimation of K ϩ was done by wet chemical methods and ICP AES. A water content of 5% by weight was assumed for all samples. Errors were computed using the methods of Aitken (1985) .
Results
Experimental data on equivalent dose estimates for quartz and feldspar mineral separates are shown in Figures 3 and 4 , and data for age estimations are shown in Tables 1 and 2 . The concordance between the two mineral separates, despite their different photo bleaching behavior, is encouraging and suggests that these minerals were well bleached before deposition and were not contaminated by the overlying colluvium. These results also suggest that the K-feldspars do not suffer any age underestimation effect or anomalous fading. This is supported by the field observations and the inference that calcrete nodule formation was complete before the deposition of the overlying colluvial debris.
Because the calcrete nodules formed postdepositionally in a pre-existing sand, and because the colluvial debris contains no datable material, it is reasonable to suggest that the age limits for calcrete carbonate formation are set by the underlying host sands and the overlying sands. Thus, the calcretes in units I, II, III, IV, and V are assigned age brackets of ϳ70,000 -60,000 (taking age ϩ sigma and age Ϫ sigma of the basal and the overlying sands), ϳ60,000 -55,000, ϳ55,000 -43,000, ϳ43,000 -ϳ25,000 yr (assuming that precipitation was at its lowest during the last glacial maximum), and Ͻ10,000 yr (Fig. 5) .
STABLE ISOTOPES
Methods
Samples for isotopic analysis were drilled from the center of individual nodules that had been checked for potential contam- (Tables 1 and  2). inants (e.g., weathered rinds, spar-filled cracks, macroorganic matter). The isotopic chemistry procedures followed Andrews et al. (1993) . Isotopic data are reported in delta notation relative to the Vienna Pee Dee Belemnite (VPDB) international scale (Coplen, 1994) . The mass spectrometer was calibrated using the NBS 18 and NBS 19 standards. Outliers in the isotopic data were replicated to ensure that quoted values are precise. Precision for the laboratory standard was better than Ϯ 0.06‰ for ␦ 13 C and Ϯ 0.10‰ for ␦ 18 O.
Results
Pedogenic nodules from Shergarh Trijunction have a total variation in ␦
18 O of 4.4‰, (Ϫ2.1 to Ϫ6.5‰) (Fig. 5) . However, within an individual eolian unit, variation in ␦ 18 O is not more than 2‰ (Fig. 5) . The total variation in ␦ 13 C is 1.7‰ (0.0 to Ϫ1.7‰). Within an individual eolian unit, variation in ␦ 13 C is not more than 1.0‰ (Fig. 5) . Moreover, ␦ 18 O and ␦ 13 C values covary positively and linearly (Fig. 6) .
Interpretation
Our interpretations assume that (1) soil carbonate precipitated in equilibrium with soil CO 2 below 25-30 cm in the soil profile (Cerling, 1984) ; (2) minimal postdepositional diagenetic alteration of the calcrete carbonate occurred, in accordance with our petrographic data; and (3) the presence of some cutans and a few root channels implies biologically active soils.
Interpretation of oxygen-isotope data. The ␦
18 O values for calcrete carbonate in eolian units II, III, and the base of IV have a range (Ϫ4.5 to Ϫ6.4‰) similar to that of late Pleistocene (Ͻ19,000 yr B.P.) to Holocene (2000 yr) calcretes elsewhere in the Thar desert (Singhvi et al., 1996) . These authors suggested that the values are consistent with calcrete carbonate formation from monsoonal rainfall with ␦
18 O values in the range of modern monsoonal rainfall in this area. Ramesh et al. (1996) report oxygen and hydrogen isotope compositions of Ϫ4.1 to Ϫ4.8‰ VSMOW and Ϫ28 to Ϫ37‰ VSMOW, respectively, for shallow, fresh groundwaters in the Thar Desert. These waters plot on an evaporation trend between the Global Meteoric Water Line (GMWL) and terminal salt lakes in the region. Extrapolation of the compositions back to the GMWL suggests original precipitation compositions in the range Ϫ5 to Ϫ6‰ VSMOW. This compositional range is also consistent with monsoon-derived groundwaters and precipitation compositions in New Delhi to the north northeast . Typical TL glow curve, TL vs beta dose growth curve and equivalent dose vs temperature growth curve for quartz extracted for sample ARD-2 (Tables 1 and 2 ). The region between ϳ300°and 350°C was used for age computation. a This assumes average water content of 5% by weight and a cosmic ray dose of 150 Gy/yr. ED, equivalent dose; Gy, gray (1 joule/mg); K%, wt% potassium ion. Typical errors in ␣ counting and AAS are 3% and 5%, respectively. Eolian units I-V after Dhir et al., 1992 , and Figure 5 . tacharya, 1991; Rozanski et al., 1993) . Based on the temperature-dependent isotopic fractionation between water and calcite (Kim and O'Neil, 1997; O'Neil et al., 1969) , converted to the paleotemperature expression of Hays and Grossman (1991) and using rainfall compositions of Ϫ5 to Ϫ6‰, the calcretes are calculated to have formed at 15°to 20°C. In comparison, modern vegetated desert soil temperatures at 30 -50 cm depth in western Rajasthan vary from 22°to 30°C (November to March) and 30°to 40°C (April to October), with diurnal variations at this depth of up to 4°C (Gupta, 1983 (Gupta, , 1986 .
Pedogenic calcrete carbonate precipitation in monsoon settings typically occurs after the rainy season (i.e., after July to August in the modern Indian summer monsoon), following downward leaching of soluble CaCO 3 and its accumulation at the evapotranspiration front (Courty et al., 1987) . Thus, October to March is the probable time of formation of these Indian calcretes. During this time period, Rajasthan soil temperatures at 30 -50 cm depth vary between 32°C in October and 22°C in January (Gupta, 1983) . Based on this temperature range, the calcrete oxygen isotope composition, and the temperaturedependent isotope fractionation between water and calcite, the isotopic composition of the calcrete precipitating water is constrained to between Ϫ1.1 and Ϫ5.1‰ VSMOW. As this range of values is the same as the freshwater well data reported by Ramesh et al. (1993;  Table 1 and Fig. 2 ) that typically have somewhat evaporated compositions, it implies that the calcrete carbonate probably precipitated from similarly, somewhat evaporated soil water. Moreover, the 4°C diurnal temperature variation could change the isotopic composition of precipitating calcrete by up to 0.85‰ VPDB.
These findings suggest that shifts in calcrete ␦ 18 O of Ͻ0.85‰ could be generated by diurnal temperature change and should not, alone, be used to infer paleoclimatic change.
The broad paleoclimatic implication of the ␦ 18 O data for eolian units II, III, and the base of IV, and their similarity with modern calcretes reported by Singhvi et al. (1996) , is that the calcrete probably formed under monsoon conditions in the period between 60,000 and 25,000 yr B.P.
In most of eolian unit I, in the upper part of unit IV, and in the nonpersistent colluvial unit V (Fig. 5) , ␦ 18 O compositions range between Ϫ4.6 and Ϫ2.1‰ VPDB. These values, up to 4.4‰ greater than values from units II and III, are unlikely to have been caused by a large decrease in precipitation temperature (Ͼ9°C). One possible explanation for these larger values is that these calcretes formed from nonmonsoonal rainfall (Cerling, 1984) during climatic phases when the monsoon weakened or failed. A characteristic feature of the isotope composition of monsoon rain is a negative correlation between the amount of rainfall and the isotope composition, the socalled "amount effect," i.e., low ␦ 18 O compositions in rainy months and high ␦ 18 O compositions in months where there is little rainfall (Dansgaard, 1964) . For example, the magnitude of the shift between dry and wet months for tropical island stations in the IAEA network is, on average, 5‰ (Rozanski et al., 1993) . This is similar to the shift in isotope composition of precipitation required to explain the difference between carbonate compositions of eolian units II, III, the upper part of IV, and units I, lower part of IV, and V.
We cannot rule out the possibility that the calcretes in units I, lower part of IV, and V formed from waters that had undergone increased surface evaporation. However, increased evaporation is also likely to be an indicator of a more arid environment. The general paleoclimatic implications, therefore, are that arid conditions existed about 70,000 -60,000 yr ago and sometime after 25,000 yr ago, but before 10,000 yr B.P. (date for eolian unit V; unfortunately, the nonpersistent eolian unit in colluvium V was not dated). The data of Singhvi (Prescott et al., 1993) . Eolian units I-V after Dhir et al., 1992, and Figure 5 . For quartz, the equivalent dose was measured using green-light-stimulated luminescence and thermoluminescence. The equivalent dose for the K-feldspar extracts was measured using infrared-stimulated luminescence and thermoluminescence.
et al. (1996) suggest that wetter conditions developed after 19,000 yr B.P., probably sometime after 14,300 yr B.P. when the monsoon was reestablished following the last glacial maximum (Van Campo, 1986; Sirocko et al., 1993) .
Interpretation of carbon-isotope data. The principal controls on ␦ 13 C compositions in most soil carbonates probably are (1) the relative proportion of C 3 to C 4 biomass in the local ecosystem, which have very different mean ␦ 13 C values (Deines, 1980) , and (2) changes in the ␦ 13 C of soil CO 2 related to soil respiration rate (Cerling, 1984; Cerling and Quade, 1993) . Cerling (1984) has correlated the ␦ 13 C of soil carbonate with the fraction of C 4 flora in the local ecosystem. On this basis the Thar calcrete data imply a flora with 75-88% C 4 composition. The positive covariation in ␦ 13 C and ␦ 18 O is important in this context, because the ␦ 13 C values are highest (ca. 0‰) when the ␦ 18 O values are also highest, interpreted as indicating the most arid climatic conditions. At first sight, this positive covariation appears inconsistent with empirical data showing that C 4 plants are favored over C 3 plants when night-time temperatures are high (Cerling, 1984) and when rainfall increases (Hattersley, 1983) . C 4 plants would thus be favored by hot, wet summers, i.e., stronger monsoonal conditions, and not by arid conditions. Dhir et al., 1992, pp. 120 -124) , the calcrete isotopic data, and the TL and IRSL ages for the eolian units. EI-EV are eolian units and CI-CV are colluvial units (after Dhir et al., 1992) . Black-and-white scale bars represent 1 m. Relative aridity (based on the interpretation of the ␦ 18 O values) is expressed in the right-hand column.
FIG. 5. Sketch section of the stratigraphic profile (after
FIG. 6.
Cross plot to show covariation in calcrete stable carbon and oxygen isotopes. Increasingly negative ␦
18 O values indicate a stronger monsoonal climate and vice versa. Times of weak monsoon are interpreted as representing glacial or cold stage conditions when lowered atmospheric pCO 2 allowed expansion of C 4 grasses expressed as less negative ␦ 13 C values.
The implications are that (1) our interpretation of the ␦ 18 O data is wrong; (2) another factor is influencing the relative abundance of C 4 versus C 3 plants; or (3) changes in soil respiration principally control the ␦ 13 C of soil CO 2 . Assuming that our interpretation of the ␦ 18 O data is correct, an important factor that may be affecting C 4 dominance is change in atmospheric pCO 2 during glacial and interglacial times Ehleringer et al., 1997) . The photosynthetic efficiency of C 3 grasses relative to C 4 grasses varies with both atmospheric pCO 2 and temperature, with C 4 plants favored by low atmospheric pCO 2 accompanied by high temperature . Modeling of this pCO 2 -temperature relationship suggests that expansion of C 4 grasses would be expected at low latitudes during glacial periods when atmospheric pCO 2 was lowered. If the Thar C 4 dominance were overidingly influenced by global change in atmospheric pCO 2 , allowing expansion of C 4 grasses during glacial (cold) stages, despite lowered summer rainfall, it also implies that the aridity, caused by weakening of the monsoon, should coincide with glacial cold stages.
Interpreted on this basis, the Thar isotope data suggest that during times of weakened monsoon (e.g., the last glacial maximum) the local ecosystem was dominated by C 4 grasses (up to 88%), whereas during times of strengthened monsoon conditions, i.e., between 25,000 and 60,000 yr B.P., C 3 plants became more important, reducing the C 4 component to about 75%. Dominance of C 4 plants during the last glacial maximum and C 4 decline during deglaciation, as recorded by ␦ 13 C in soil carbonate, has been suggested for semiarid areas in the USA (Cole and Monger 1994) . Carbon isotope values from younger calcretes (19,400 -2000 yr B.P.) elsewhere in the Thar (Singhvi et al., 1996) are more negative (Ϫ7 to Ϫ7.8‰) than any of our data suggesting that the C 4 component of vegetation was much reduced to 28 -35%, responding to re-establishment of higher atmospheric pCO 2 after the last glacial maximum.
We noted earlier that changes in the ␦ 13 C of soil CO 2 related to soil respiration rate could affect ␦ 13 C compositions of soil carbonate. In climates fluctuating between increasing and decreasing aridity, the most arid conditions may have caused a decrease in soil respiration rates, thereby allowing ingress of atmospheric CO 2 deeper into the soil profile. This mechanism could cause the positive covariation of ␦ 13 C and ␦ 18 O (Fig. 6) , although it is difficult to evaluate the relative importance of this effect. If respiration rate is related to effective moisture conditions, as discussed by Quade et al. (1989) , then the high average annual rainfall (300 -400 mm) suggests that respiration rates were quite high, making the likely impact of this effect rather small. It is also clear that this effect would reinforce that caused by glacial/interglacial changes in C 4 versus C 3 plant dominance.
Other Causes of Positive Covariation in ␦ 13 C and ␦ 18 O?
While we think our interpretations of the ␦ 18 O and ␦ 13 C data above are most convincing in the light of both the probable controls on isotope chemistry and the general paleoclimatic context discussed below, we note that the data can be interpreted in other ways that would not implicate glacial/ interglacially driven climatic changes. For example, if evaporation of soil water were increased, perhaps by increasing and intensifying the spring dry season, this might explain the shift to more positive ␦
18 O values. The increased heating of the landmass might then intensify the monsoonal season, which would be accompanied by an increase in C 4 plants as a response to the warmer and wetter conditions (Hattersley, 1983) .
Alternatively, if the late Pleistocene winter dry seasons were at times wetter than present, this might have increased humidity and decreased evaporation, leading to a decrease in the mean ␦ 18 O value of annual rainfall. These cooler but wetter conditions may have favored C 3 plants, because only combined warmer and wetter conditions appear to favor C 4 plants (Hattersley, 1983 ).
PALEOCLIMATIC CONTEXT
Our favored interpretation, that Thar paleoclimates were predominantly arid at some time before 10,000 (presumably ca. 18,000 yr B.P. based on other data discussed below), and after 25,000 yr B.P. is consistent with other independent Indian paleoclimatic indicators based on (1) pollen in Thar lake sediments (e.g., Singh et al., 1974 Singh et al., , 1990 , (2) dune activity in the Thar desert (Sarnthein, 1978; Chawla et al., 1992) , (3) ␦ 13 C values for peat from peninsular India (Sukumar et al., 1993; Rajagopalan et al., 1997) , (4) pollen composition in nearshore Indian Ocean sediments (Van Campo, 1986) , and (5) ␦
18 O values of northern Indian Ocean foraminifera (Duplessy, 1982) . The aridity indicated by these climate proxies is thought to have been caused by weakening of the summer monsoon associated with the last glacial maximum (Duplessy, 1982; Prell and Kutzbach, 1992 , and references therein) when surface albedo increased over the snow-and ice-covered Tibetan Plateau (Manabe and Hahn, 1977) .
There is very little paleoclimatic information from mainland India to compare with our older (pre-25,000 yr B.P.) calcrete isotope record. A period of fluvial aggradation, sediment reddening, and pedogenesis on the Gujarat alluvial plain between 39,000 and 59,000 yr B.P. is thought to have occurred under moist semiarid climatic conditions (Tandon et al., 1997) . ␦ 13 C data from 20,000 -40,000-yr-old peat from Nilgiris also show a decrease in C 4 components relative to 18,000-yr-old peat, consistent with our inferred monsoonal climatic period between 25,000 and 60,000 yr B.P. These results also agree with rainfall reconstructions based on magnetic susceptibility variations in Chinese loess deposits. Maher and Thompson (1995) inferred that rainfall was relatively high in the early Holocene and between 55,000 and 25,000 yr B.P., suggesting that the summer monsoon was relatively strong at these times. During glacial times (25,000 -11,000 yr ago) and (75,000 -55,000 yr B.P.), however, rainfall was much decreased across the loess plateau, presumably due to a weakening of the summer monsoon. If this tentative regional correlation between Indian and Chinese paleoclimate can be corroborated, it could be very important to understanding the driving forces behind Asian climate variation.
There is also clear biogeochemical and lithogenic evidence in marine sediment cores from the Oman continental margin (northwestern Arabian Sea) that the strength of (1) marine upwelling and hence productivity, and (2) wind strength is linked to variations in monsoon activity (Clemens et al., 1991) . These authors noted that the monsoon was strong ϳ50,000 yr B.P., which is within the range of our inferred monsoonal climatic period between 60,000 and 25,000 yr based on the Thar calcrete data. Recently, biogeochemical data from a 500,000-yr record from ODP site 723 in the northwestern Arabian Sea (Emeis et al., 1995) has confirmed that during interglacial periods the strong summer monsoon caused enhanced upwelling and productivity, and was accompanied by relatively high sea-surface temperatures. The converse was true during glacial periods. The monsoon was clearly weakened during isotope stages 2 and 4, the latter linked with the 60,000 -70,000 yr B.P. arid period in the Thar calcrete record.
Finally, we note that calcrete isotopic profiles from northwestern Bangladesh, reported by Alam et al., (1997) , show two clear shifts in ␦
18 O values toward larger values in their weakly calcretized geosols 2 and 4. These shifts are of similar magnitude to those reported here and are accompanied by positive covariation in ␦ 13 C, like ours; they are interpreted to represent relatively arid climatic conditions. These undated horizons may correlate with ours and therefore represent a record of widespread aridity on the Indian subcontinent during isotope stages 2 and 4.
CONCLUSIONS
Carbon and oxygen stable isotopes in calcrete carbonate are potentially important recorders of Pleistocene terrestrial paleoclimatic conditions. For a well-dated Thar desert sequence, our preferred interpretation suggests that indicators of nonmonsoonal rainfall, and hence relative aridity (relatively high ␦
18 O values), correspond with increasing presence of C 4 plants (relatively high ␦ 13 C values). The proposed arid periods are consistent with paleoclimatic and paleoceanographic data from elsewhere in India and the Indian Ocean, and appear to record widespread aridity on the Indian subcontinent during isotope stages 2 and 4. C 4 plant dominance during glacial times is not unexpected because C 4 plants are favored by low atmospheric pCO 2 accompanied by high temperature . Expansion of C 4 grasses is thus likely at low latitudes during times of lowered atmospheric pCO 2 (e.g., glacial periods) despite the decreased summer rainfall that normally favors C 3 plants.
Our isotope data, when compared with empirical soil temperature data, suggest that shifts in calcrete ␦ 18 O of Ͻ0.85‰ could be generated by diurnal temperature change. This suggests that changes in calcrete ␦ 18 O of Ͻ0.85‰ should not, alone, be used to infer paleoclimatic change.
